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Introduction
[2] It has been argued in the literature (Emile-Geay and Madec [2009] ) that even though the geothermal heat flux (GHF) is approximately 1000 smaller than air-sea buoyancy flux, it may nevertheless play an important role in the ocean circulation since heating the oceans from below supports a more efficient closed Meridional Overturning Circulation (MOC). This basal heating acts to increase the Available Potential Energy of the ocean general circulation. Moreover, while air-sea fluxes are large, their strength and sign have strong latitudinal dependence, whereas the GHF is unidirectional. Furthermore, insofar as the Antarctic Bottom Water (AABW) circulation is concerned, air-sea fluxes are in contact with the cell over a surface area which is about 1000 times smaller than the contact area of the cell with the ocean floor, rendering the importance of the bottom and surface fluxes comparable.
[3] Scott et al. [2001] and Adcroft et al. [2001] investigated the influence of the GHF on the ocean circulation by means of coarse resolution ocean general circulation model (OGCM) simulations with a uniform heat flux of 50 mWm -2 imposed over the ocean floor. Their main conclusions were that inclusion of the GHF leads to the erosion of the abyssal stratification, and that the heat transferred to the ocean from below is transported by the AABW circulation and is thereby ventilated to the surface of the Southern Ocean. They also showed that the strength of the AABW cell is inversely proportional to the abyssal stratification, a result that has been reinforced by the recent theoretical study of Nikurashin and Vallis [2011] (hereafter NV11). By comparing numerical simulations of ocean circulation with and without inclusion of the GHF, Adcroft et al. [2001] concluded that inclusion of the GHF increases the rate of abyssal circulation by approximately 25%. Emile-Geay and Madec [2009] later studied the same problem using an OGCM by considering the interplay between enhanced abyssal mixing and the GHF. They employed both a uniform flux of 87 mWm -2 and a realistic spatially varying heat flux. They showed that the introduction of the GHF leads to erosion of the abyssal stratification and an enhancement of the abyssal circulation by about 15% for the case with uniform GHF and by a more modest amount once a realistic heat flux map is employed. They also found that the impact of the GHF on abyssal circulation is more pronounced in the Indo-Pacific Ocean compared to the Atlantic. They argued that this results from a relatively larger downward buoyancy flux which exists in the Atlantic Ocean due to the large density difference between the North Atlantic Deep Water and AABW cells. This large downward flux dominates the upward GHF, whereas in the Indo-Pacific basin, the downward flux is smaller, allowing the GHF to play a more important role, consistent with the findings of Scott et al. [2001] . Hofmann and Maqueda [2009] have revisited this problem and argued that GHF values in the range 50-87 mWm -2 employed in earlier studies were too low, and that a mean flux of 100 mWm -2 would be more reasonable and still conservative. By imposing this value in the OGCM, they obtained an increase in the AABW overturning rate of 33%.
[4] In what follows, we first employ an ocean data set to investigate whether the erosion of abyssal stratification is evident. We then perform a set of numerical simulations using a zonally averaged model to investigate the effect of GHF by considering a range of values from 0 to 75 mWm -2 . We will show that if the diapycnal diffusivity profile is vertically constant in the abyss, the strengthening of the abyssal circulation due to the increase in the GHF is consistent with earlier studies. However, if the profile is enhanced sharply in the abyss consistent with the available observations, the influence of GHF is enhanced. This suggests that as more realistic parameterizations of abyssal mixing are employed, the influence of GHF may prove to be even more significant than previously suggested.
World Ocean Circulation Experiment Analysis
[5] To investigate the abyssal fluxes of heat and buoyancy, we present an analysis similar to Emile-Geay and Madec [2009] but considering the impact of vertically dependent diffusivity profiles inferred from observations. More specifically, we employ the World Ocean Circulation Experiment (WOCE) data set (Gouretski and Koltermann [2004] ) along with the basin averaged profiles of diapycnal diffusivity for the Atlantic Ocean, the Indo-Pacific Ocean, and the Southern Ocean from Lumpkin and Speer [2004] . Since great uncertainty is associated with the diffusivity profiles, especially in our region of interest in the abyssal ocean, the results of our analyses will inherit the corresponding uncertainty. However, this uncertainty will not undermine our main conclusions.
[6] Figure 1 (top) shows the heat flux, computed as the vertical temperature gradient times the diffusivity, at the base of the ocean and the middle two panels of the figure show zonally averaged maps of the heat flux in the Atlantic and Indo-Pacific basins (details of the calculations are provided in the supporting information). The top panel in the figure has a pattern similar to maps of the geothermal heat flux (such as those provided in Emile-Geay and Madec [2009] and Davies and Davies [2010] ) since mid-ocean ridges are regions of enhanced mixing as well as large GHF. The bottom panel in Figure 1 shows the geothermal heat flux inferred from the age of the seafloor averaged over various ocean basins (calculated from the GHF data set of Emile-Geay and Madec [2009] ). Henceforth, we will focus on zonally averaged heat fluxes in the Atlantic and IndoPacific basins and will not further discuss results for the zonally averaged Southern Ocean for two reasons: the diffusivity profiles are far too uncertain in the Southern Ocean to yield acceptable estimates and the theoretical model which we employ to perform idealized simulations does not allow us to study the role of GHF in the Southern Ocean dynamics adequately. The zonally averaged map of the heat flux in the Atlantic Ocean shows that the downward diffusive flux dominates the basin to a depth of 5000 m. The Indo-Pacific Ocean plot, on the other hand, shows a balance between the downward diffusion of heat from the surface and the upward GHF at depths below 4500 m. Comparison between the heat flux contour levels above the ocean floor in the two middle panels with the zonally-averaged GHF curves in the bottom panel shows that the GHF is of leading order in both the Atlantic and the Indo-Pacific basins. However, in the Indo-Pacific basin, the influence of GHF seems to be larger, perhaps because of the larger averaged fluxes in the Indo-Pacific (due to large GHFs at the East Pacific rise) as well as the more pronounced downward diffusive flux in the Atlantic which exists because of the presence of the significant temperature difference between the two Atlantic overturning cells.
Idealized Simulations
[7] A number of idealized simulations have been performed to investigate the role of the GHF on the abyssal stratification and circulation. For this purpose, we have closely followed the theoretical formulation of the zonallyaveraged numerical model of NV11, the sole exception being that we will allow for vertical variation in the diapycnal diffusivity. Figure 2 (top) provides a schematic of the numerical model. Details of the numerical model and its implementation as well as the relevant boundary conditions are described in the supporting information. In short, the computational domain in the model consists of a zonally periodic channel (representative of the Southern Ocean) attached to a zonally-averaged ocean basin to the north. For the periodic channel, we solve the following equations:
which represent the momentum budget and an advectiondiffusion equation for buoyancy, respectively, and where is the surface wind stress, f is the Coriolis parameter, K e is the isopycnal eddy diffusivity, s b represents the isopycnal slopes, and b is buoyancy (b = -g( -0 )/ 0 and is density). Equation (1) shows that the circulation in the Southern Ocean is controlled by a clockwise Eulerian mean wind circulation and a counterclockwise eddy circulation which represents the slumping of isopycnals as a result of baroclinic instabilities. The left-hand side of equation (2) represents the along-isopycnal transport by the residual circulation and the right-hand side represents the diapycnal mixing. In the zonally-averaged ocean basin, we solve a simplified advection-diffusion equation of the form
in which it is assumed that s b 0 (motivated by observations).
[8] Equations (1-3), along with proper boundary conditions (see supporting information), describe the overturning circulation in the channel and in the ocean basin and can be integrated in time to solve for the evolution of the buoyancy field and from that for the evolution of the circulation. At each time step, it is ensured that both the buoyancy and total streamfunction in the channel match those of the basin at their interface. For all the cases to be discussed below, the equations have been integrated in time until the flow has reached a steady-state solution, i.e., when changes in the streamfunction at the channel-basin interface are smaller than 0.1%. Thus, time dependence will be neglected in the analyses to follow.
[9] The basin component of the circulation represented by equation (3) will be the focus of our analyses in this section. By expanding the term (Äb z ) z , this equation implies that the strength of the circulation depends on a balance between two terms with opposing influences: namely the Äb zz term, which is positive in the deep ocean and which promotes an anti-clockwise circulation (same sense as the eddy circulation in the Southern Ocean) and the Ä z b z term which is negative and which promotes a clockwise circulation (same sense as that forced by the wind stress over the Southern Ocean). Therefore, the vertical decay in the intensity of the abyssal turbulent mixing suppresses the AABW circulation.
To investigate the influence of these two terms on the abyssal stratification and buoyancy flux, we consider two sets of simulations, one based upon the assumption of an exponential Ä profile (with a vertical scale of H = 500 m) and the other based upon the use of a Bryan and Lewis profile (hereafter referred to as the BL79 profile which is due to Bryan and Lewis [1979] ; see Figure S2 2000] , and Decloedt and Luther [2012] . By comparing the results obtained using the two different diffusivity profiles, we will be able to asses the role of the suppressive term (i.e., Ä z b z ) on the right-hand side of (3) in the presence of the GHF. Motivated by the zonally averaged basal heat fluxes in the Atlantic and Indo-Pacific basins as plotted in Figure 1 (bottom), we consider various cases with uniform geothermal heat fluxes in the range 0 -75 mWm -2 as the bottom boundary condition of the computational domain.
[10] Figure 3 presents the results of the simulations for various GHF levels and for the two sets of experiments. The top row represents the BL79 diffusivity profile cases, while the bottom row shows those for the exponential diffusivity profile cases. The first panel in each row represents the vertical diffusive buoyancy flux, Äb z . For both diffusivity profiles, imposition of a nonzero GHF leads to the erosion of the abyssal stratification, leaving an unstratified layer above the ocean floor. The thickness of this layer increases with increase in the geothermal flux for both diffusivity profiles but is considerably larger for the diffusivity profile with sharp variations. This is expected since T z / GHF/Ä and since the diffusivity averaged over the abyssal depths is smaller for the exponential profile, the sensitivity of abyssal stratification to GHF is larger for the exponential profile. The small circle on each of the lines of the plot marks the depth at which the downward buoyancy flux is equal in magnitude (and opposite in direction) to the basal heat flux. Their position in elevation demonstrates that even conservative estimates of the basal heat flux match the downward buoyancy flux at mid-depths in the ocean. For sharp vertical variations of abyssal mixing (bottom row), basal heat flux matches the downward flux at even shallower depths as low as 1500 -2000 m for Q = 75 mWm -2 .
[11] The middle two panels in each of the two rows of Figure 3 show Äb zz and Ä z b z . Both of these terms appear in the basin component of equation (1). As mentioned earlier, and as shown in the plots, the two terms are of opposite sign, with the former enforcing an anti-clockwise AABW circulation, and the latter suppressing it. Focusing on the top row and the BL79 profile, Ä z b z is negligible and Äb zz is characterized by small variations below the depth of 2000 m due to insignificant vertical variation in Ä. In this case, from equation (3), we get |« | / Äb zz /b z . Both b z and b zz decrease in the abyss with increase in the GHF; however, the former decreases faster leading to an effective increase in the circulation as shown in the rightmost panel in the top row of the figure. We will discuss the physical reason for this increase in the context of our discussion of the bottom two panels of Figure 2 . As compared to a case with no GHF, the circulation (measured at the depth of its maximum) increases by 27% for a GHF of 50 mWm -2 and by 39% for a GHF of 75 mWm -2 , in qualitative agreement with earlier studies cited in the introduction. Focusing on the bottom row of Figure 3 and the results based on the exponential diffusivity profile, the Ä z b z term is no longer negligible, and in fact is comparable in magnitude to Äb zz (both O(10 -14 ) ms -3 ). Therefore, the circulation in equation (3) is set by a balance between Ä z b z and Äb zz . Although an increase in the GHF leads to an increase in the abyssal circulation due to an effective increase in b zz /b z (similar to the BL79 cases), it also weakens the suppressing influence of Ä z b z by eroding the abyssal stratification. Therefore, an increase in the GHF leads to a more significant increase in the abyssal circulation when a sharp vertical variation of abyssal mixing is considered. As the last panel in the bottom row of Figure 3 demonstrates, the introduction of a GHF of 50-75 mWm -2 leads to an increase of 200%-300% in the peak circulation.
[12] To discuss the physical reason behind the increase in overturning strength with increase in the GHF, we note that the slope of the isopycnals in the southern ocean can be estimated by s b = -b y /b z where b y is the horizontal stratification. Since the basin and channel streamfunctions in equations (1-3) have to agree at the channel-basin boundary, a decrease in the abyssal stratification (i.e., decrease in b z ) in the basin due to the introduction of a GHF leads to an effective steepening (i.e., increase in s b ) of those Southern Ocean isopycnals which connect to the basin part of the AABW cell. Therefore, according to equation (1), this leads to an increase in the eddy-induced circulation for the same wind-driven circulation in the Southern Ocean and thereby to strengthening of the resulting AABW circulation. The middle panel of Figure 2 illustrates the increase in the anti-clockwise abyssal circulation (due to increase in eddy circulation in the Southern Ocean) induced by introducing a mean GHF of 50 mWm -2 . The bottom panel of the figure shows the corresponding effective increase in the buoyancy. The buoyancy injected into the ocean basin by the GHF finds its way to the ocean surface primarily in the Southern Ocean and by means of the increase in the eddy circulation associated with the Southern Ocean branch of the AABW cell (middle panel). Due to the simplifying assumptions made in our idealized model, the significant increase in the circulation shown in the rightmost panel of Figure 3 (for the cases with an exponential diffusivity profile) is not expected to provide a quantitative measure of the role of the GHF in the oceans. However, it very effectively illustrates the significant dependence of the influence of the GHF on the vertical variation of diapycnal mixing.
[13] Although our entire discussion has focused upon the modern circulation, we suspect that the influence of the GHF may be of even more significance to understanding climates of the distant past. For example, in the Neoproterozoic era of Earth history, it has been suggested that the planet may have become entirely glaciated with thick sea and land ice. Recent calculations of the bifurcation point in atmospheric carbon dioxide-solar luminosity space beyond which such states would be expected to form have cast significant doubt upon the plausibility of such snowball Earth occurrences (Hyde et al. [2000] ; Peltier et al. [2004] ; Yang et al. [2012] ). Recently, Ashkenazy et al. [2013] suggested that the GHF could be crucial in driving a strong MOC during Snowball climates, but their analysis ignored the importance of sharp vertical variations in abyssal mixing. [14] By employing an ocean data set and extending analyses of Emile-Geay and Madec [2009] , we have shown that the vertical heat flux above the ocean floor under modern climate conditions is of the same order of and has a pattern similar to the estimates for the GHF induced by cooling of Earth's oceanic lithosphere. Results obtained using an idealized model are also in agreement with earlier studies in demonstrating that an increase in the rate of abyssal overturning arises as a consequence of the erosion of abyssal stratification by the GHF. This erosion was demonstrated to lead to steepening of the Southern Ocean isopycnals which connect to the AABW cell, leading to an increase in the eddy-induced transport and thereby to an increase in the strength of the abyssal circulation. It was shown that the extent of influence of the heat flux depends heavily on the vertical dependence of the abyssal diapycnal mixing: sharp decay of the diffusivity profile in the abyss intensifies the influence of the geothermal flux and plays a primary role in setting the abyssal stratification and circulation.
Conclusions
[15] We emphasize that while the diffusivity profiles employed herein were useful in investigating the role of GHF in the presence of a strong vertical decay of diapycnal mixing immediately above the ocean floor at a constant depth of 4 km, mid-ocean ridges reach up to 2000 m elevation above the sea floor in the real ocean and thus the bottom topography may also significantly influence the sensitivity of the overturning circulation to the GHF. Therefore, we conclude by noting that an accurate quantitative estimation of the influence of GHF will require application of global models with appropriate representations of the bottom boundary layer, an accurate map of basal heat flux, and a high quality representation of diapycnal mixing throughout the abyssal ocean.
